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SUMMARY 
The lateral bracing requirement for plastic design has proven 
to be a significant determent to its general application. Numerous 
braces are unsightly and expensive to fabricate. Restraining the 
compression flange of a beam-column in the plane of bending prevents 
failure by lateral-torsional buckling. Wide-flange sections are 
necessarily weak in torsion and lateral stiffness, and are extremely 
susceptible to this form of failure. 
On the other hand, structural tubing has exceptionally good 
torsional resistance and lateral strength. Material near the neutral 
axis of a beam-column is loaded in compression, creating an efficient 
use of the entire cross section. There exists the possibility of 
significant savings in both material and fabrication costs through 
the use of structural tubing in plastically designed rigid frames. 
The location of lateral bracing is a problem involving in-
elastic stability of a beam-column. The complete theoretical solution 
is not available for either wide-flange sections or structural tubing. 
Present plastic design procedures employ an empirical solution for 
use with wide-flange sections. 
It was proposed that several beam-columns be tested to determine 
if there exists a practical range of loading for plastically designed 
frames of strucutral tubing without lateral bracing. The requirement 
was that adequate rotation of the plastic hinge occur before lateral-
torsional buckling. 
X 
The test program Indicates that there is a wide range of loads 
for which the plastic hinge rotation, is more than adequate. Several 
portal frames are sketched which represent possible uses for those 
beam-columns which performed satisfactorily. 
More extensive testing for the purpose of establishing design 
criteria for structural tubing without lateral bracing may prove to be 
a worthwhile project. A discussion is offered concerning the require-
ments of such an investigation. Work has been done at Lehigh University 
testing wide-flange sections to determine the upper limit of their 




The requirement for extensive lateral bracing of wide flange 
beam columns is one of the principal drawbacks of plastic design. 
There are several obvious reasons for this situation. Numerous 
light braces on the rafters and columns of building frames detract 
from what otherwise would be pleasing structural forms. The present 
trend toward more simple, massive steel structures is best seen in 
the newer steel bridges and public arenas. The move to simpler 
structures Is at least partially caused by the high cost of fabrica-
tion. It is no longer economical to invest many man-hours In fabrica-
tion to save steel. The same principle applies for plastically 
designed one and two story structures. It Is often more economical 
to use extra steel with elastic design than to incur the extra 
fabrication costs of lateral bracing for plastic design. For this 
reason, most metal building companies are converting from plastic 
design to computerized methods using elastic design. Finally, the 
current lateral bracing requirement, formula 26 (l),* is tedious to 
apply In the case of a building frame. It requires checking the 
ratio of end moments at numerous segments on the frame by a trial and 
* Numbers in parentheses indicate literature cited in the "References" 
section of the Bibliography. 
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error basis, a laborious process if done accurately. In practice, 
lateral bracing is often located by guesswork once a designer has 
acquired some experience. All of these factors leave much to be 
desired in plastic design* 
In some instances, structural tubing may be the answer to these 
problems. Its smooth appearance is more pleasing than the wide flange 
section. More importantly,.' its • tubular1 • shape -.has' -the'high-.'torsional 
resistance necessary to reduce or eliminate the need for lateral 
bracing. Thus, design and fabrication might be simplified. The 
fundamental objection to structural tubing is that the relatively 
large amount of web material is ineffective in bending* However, if 
combined axial load and moment act on the section, it becomes a most 
effective shape due to its high weak-axis column strength. Because 
the basic shape is a new one, it has not yet been fully investigated. 
Nevertheless, it is coming increasingly into favor with designers as 
its properties become better known. 
Basic concepts of plastic design require that adequate rotation 
capacity of the "plastic hinge" be assured through a range in which the 
"plastic moment" is maintained. As a frame of the type to be encoun-
tered in plastic design Is progressively loaded, sections under 
moment must rotate in order to offer a resisting moment. The rotation 
causes yielding of the section, from the extremities toward the neutral 
axis. When yielding reaches its maximum depth, the resulting moment 
is known as the "plastic moment". Further rotation increases the re-
sisting moment only through strain hardening, offering a relatively 
slight Increase which is difficult to calculate accurately. Because 
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all hinges of a typical frame do not reach plastic moment simultaneous 
ly, a section is required to rotate at full resisting moment while 
other sections develop their "plastic moment'1. The rotation points 
are known as "plastic hinges". Normally, a rotation capacity of four 
to five times the elastic rotation is required. 
As a section rotates at plastic moment, it tends to buckle out 
of the plane of bending due to a phenomenon known as "lateral-
torsional buckling". Sections of low torsional and weak-axis bending 
resistance, e. g. wide flange sections, will tend to fail by lateral-
torsional buckling if the compression flange is not braced. The 
problem is one of inelastic stability, and has been solved only for 
a wide flange section under one loading condition (2)• The complete 
theoretical solution is not available for either open or closed 
sections, but work is being done in this direction.,. An empirical 
solution is commonly used for design of wide flange sections. While 
there is no similar formula available for structural tubing, its 
cross section is much more resistant to lateral buckling than the 
open, wide flange section. The tubular section is highly resistant 
to torsion, and the weak-axis bending resistance is relatively much 
greater than that of a comparable wide flange beam-column. 
In light of the foregoing considerations, it would seem 
feasible that, without a theoretical solution, some conclusions might 
be drawn, from testing the rotation capacity of typical frames without 
lateral bracing. Several parameters affect the lateral stability of 
a section: 
1. The lateral support furnished by the end conditions. 
h 
2. The ratio of axial load to yield load, P/P..j acting in 
y 
conjunction with the plastic moment. 
3- The slenderness ratio of the beam-column. 
h. The geometry of the section tested. 
Due to the practical limitations of a test program. It was 
feasible to work with only one cross section. Those sections with 
high depth to width, d/w, ratios are most subject to lateral-torsional 
buckling. Further details on the selection of a particular size tubing 
appear in "Description of Tests". 
A portal frame was chosen as the type to be tested for two 
reasons. It is a most simple type of frame, and it would seem to be 
one of the best uses for structural tubing. The clean shape is Ideally 
suited for framed openings. In each test a particular configuration 
and loading condition for a portal frame column Is simulated by the 
proper ratio of axial load to end moment. 
The purpose of the tests is to determine how the beam-columns 
perform under plastic moment and axial load without the benefit of 
lateral bracing. Does there exist a practical range of" loading 
conditions in which structural tubing without lateral bracing might 
be used for plastic design? 
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CHAPTER II 
DESCRIPTION OF TESTS 
Selection of a Test Section 
Sections with high d/w ratios are those most apt to fail by 
lateral-torsional buckling. A relatively narrow shape has low 
torsional resistance, and is subject to weak-axis buckling. Of the 
commonly produced sections, the highest d/w ratio occurs in the 
6" x 2" x 3/l6" section, in which d/w = 3» However, this ratio is 
produced only for the 6 inch deep section* The next highest ratio, 
d/w - 2, is produced for the 12, 8, 6, and k inch deep sections. In 
order that the test results might be applied to this more common 
section, the 6" x 3" x 3/l6" structural tubing was selected. Mr. 
G. C. Lewis, who originally undertook the project, procured this 
material in sections 21 feet long. 
Test Arrangement and Instrumentation 
A particular portal frame configuration with a specific loading 
produces a predictable axial load and moment at the knee of the frame. 
Thus, it is only necessary to duplicate the moment and axial load to 
duplicate the column, or beam-column.• Figs. 1 & 2 are pictures of 
the test setup with the beam-column in place. A twenty ton screw 
jack at the base of the frame was used to tension the cable while 
an electrical strain gage dynamometer in the system measured the cable 
load. Dial gages anchored to the fixed truss shown in Fig. 3 measured 
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deflections of the vertical member and were used to calculate end 
rotations at the joint. As near as practicable to the joint, a rota-
tion measuring device, described in "Preliminary Testing", was 
affixed* By comparison with a previously established M - 0 Curve, 
a measurement of the moment near the joint was obtained. Vertical 
deflections of the beam-column were measured at various stations 
along the length by reading scales attached to the beam from an 
engineer's level set off to the side of the test setup. Corrections 
for large deflections had to be made in these scale readings. An 
engineer's transit was set up at the foot of the column, though it 
does not appear in the figures. Three targets were affixed to the 
walls of the laboratory to establish a permanent vertical reference 
plane in the event the instrument was dislocated. At each station, 
horizontal scales were attached to the top and bottom ..of the beam. 
These can be seen from the end view of the test setup, Fig. 2. The 
difference in each pair of readings was used to calculate the twist 
at that station. A correction had to be applied at each station for 
a slight twist at the knee, which was not fixed. In this respect, 
the test conditions were more severe than those which might be 
encountered in an actual portal frame, which can be considered more 
nearly fixed against twisting than the test specimen. It should 
also be noted that It was necessary for the base plate to pivot with 
respect to the test fixture to handle large deflections. Because the 
jack was fixed to the base plate, the end conditions were not affected 
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Test 1 
Slenderness ratio affects the lateral buckling characteristic 
of a beam-column. As the length is increased, the column tends to 
buckle at lower axial load and the torsional restraint of the end 
conditions has less stabilizing influence on a central section under 
plastic moment* For Test 1 the maximum slenderness ratio allowed 
by the A. I. S. C. code in the plane of bending was chosen: 
1 / r = 120 
' xx 
1 = 252" 
The axial load to be applied in combination with the plastic 
moment has to be a matter of guesswork for the first test. These 
factors were considered: 
1. Euler weak-axis buckling load for a pinned-end column: 
Pcr = (TT
2EI) / l2 
P =21.5 kips 
cr ^ 
2. Formula 2k of the A* I. S. C. code for maximum axial 
load as limited by weak-axis bending stiffness: 
P / P ^ 8700 / (l/r f for 1 / r Z> 120 
' y ' ' yy ' yy 
P = 2$.k kips 
Note that plastic design assumes that a load greater than the Euler 
weak axis buckling load for pinned ends can be supported. If an 
8 
1 ., = O.85 l is used In place of the actual "1" In formula 2.4, the 
eff 
result is the same as the Euler formula. In effect formula 2k assumes 
that the column, due to partial fixity and lateral bracing, has an 
1 = 0.85. In the test case, there was some fixity at the column 
ei x 
base but none at the top. The actual buckling load should be closer 
to the Euler load than the specification value, 
Enough axial load had to be used to make the loading on the 
equivalent portal frame a practical one. For an axial load of approx-
imately half the Euler buckling load, a practical span and loading 
could be achieved. At collapse, the end moment on the beam-column 
for uniform loading is the following" 
p 
• M = wl / 16 
P 
For a span length, 1 = 20 feet: 
w = 16 M / I2 
P 
M = 290 in.-kip. 
1 = 2^0 In. 
w = 80.5 # / in. 
The axial load is then: 
P = (l/2) x w 
P - 9.65 kip. 
and 
P / Pcr = h5i° 
P / P =* 6.9$ t y 
According to the A. I. S. C. code., formula 22, for a "Case 2" column, 
the full M is permitted. The loading satisfies all requirements 
P 
except those for lateral "bracing* 
The eccentricity on the test specimen "becomes: 
e = M / P 
P 
e ss 30.0 in. 
The vertical leg of the test specimen for Test 1 is 30.0 in. from the 
neutral axis of the column. The equivalent portal frame and loading 
for uniform and concentrated loads, is shown: in Fig. 6. 
Test 2 
Having established the performance of the section at very high 
slenderness ratios, it was decided to reduce the length to one more 
typical of a column; 1 / r = 80 was selected. The expressions for 
weak-axis buckling become: 
1. Euler buckling load: 
P = (TT2EI) / I2 
if** Y ™ * 
1 = 172 in. 
P = 46.0 kip. 
cr ^ 
2. A. I. S. C. formula 24: 
P = 8700 / (l/rxx)
2 
P = 62.8 kip. 
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For a portal frame lh feet in height with a 10 foot span, the 
following loading produces a collapse mechanism: 
2 
M. - w 1 / 16 
1 = 120' in. 
M. ~ 290 in.-kip. 
w = 322 # / in. 
Total axial load becomes: 
P = 19*3 kip. 
P / p = l&fy 
' cr 
P / P = 13.9* 
J 
Note that the axial load has been, doubled, but that the ratio, P / P , 
is held approximately constant. 
The portal frame again is a practical one. If it were designed 
to support one half the uniform floor load for the end of a building 
with 201 foot bays, the ultimate floor load would be 386 psf., sufficient 
for the lighter warehouse loadings. The required eccentricity for the 
test specimen becomes: 
e = M / P 
e = 15.0 in. 
The equivalent portal frames with uniform and concentrated loads are 
shown in Fig. 7* 
Test 3 
After summarizing results of the first two tests., it was decided 
that the same slenderness as used in Test 2 would be maintained, hut 
that the axial load would he increased for the next test. In so doing 
the similarity to practical portal frames was neglected in an effort 
to determine the effects of high axial loads. By altering the test 
fixture., replacing the 20 kip. dynamometer with a 50 kip. load cell 
located at the screw jack, it was possible to reach a P / P ratio 
of 0.3- From the interaction curve shown in Fig. l4, it is seen 
that there is a significant reduction in moment capacity at this high 
axial load. For the exact theoretical capacity of the section at a 
slenderness ratio of 80, an involved calculation is required. That 
calculation is discussed in "Theoretical Considerations''^ and a 
result of 206 in-kip. moment was predicted for an axial load of 0.3 
P / P . The actual value for P is 41.76 kip. 1 y 
The equivalent portal frame in this case is of little sig-
nificance. However, for a column length of 172 in., the span is 40 in. 
for a uniform load of 2090 # / in. 
At an axial load of 0.3 P / P or 41.76 kip., the ratio P / P 
y cr 
is high: 
P / P = 91.0$ 
' cr 
The ratio of axial load to ultimate load permitted by formula 24 
becomes: 
12 
P / P2k = 66.5$ 
The eccentricity for the test specimen becomes: 
e = M / P 
P 
e = ̂ .92 in. 
The tension force for Test 3 was made to pass through a point 




Due to Inevitable production variationsf the specified prop-
erties of any section are usually conservative with respect to the 
actual properties. To obtain accurate results, it is necessary to 
use the actual properties of the test specimens. The following 
preliminary tests were conducted to experimentally determine the section 
properties. 
M - 0 Test (Simple Beam Test) 
The actual moment-rotation relation for the section was 
needed. Pig. 8 is a sketch of the test setup* On each side of the 
section are attached angles which extend the plane of the section 
above and below the beam. Dial gages are mounted to measure the 
change in slope of the plane sections. If the total change in the 
two dial readings., top and bottom, is SA , then-, by referring to 
Fig. 8 for the proper dimensions, the rotation, is as follows: 
0 = ec / c 
e = £̂ __ x 3 
c 17 vfj2 
e = 0.0208 £A in./in. 
c ' 
c = 3 in. 
0 = O.OO69 rad. / in. 
Results of the M - 0 test are shown In Table 1 and plotted in Fig. 9» 
Ik 
Coupon Tests 
Three coupons were cut from the same section that was used 
for the M - 0 test. All coupons were cut from locations which had 
not been highly stressed by the M - 0 testing. A. S. T. M. specifica-
tions., (3)y were followed with one exception. The test procedure 
dictated that the specified material thickness "be used in calculations. 
In an effort to achieve more accuracy, the actual material thickness 
was measured "by micrometer. This procedure gave a slightly different 
result than the standard method because the web and flange thicknesses 
varied somewhat. Table 2 shows the results of each coupon test and 
the values used for the actual properties. Fig. 10 is a stress-strain 
curve representation with pertinent values shown on the figure. 
Cross Section Dimensions 
Again, the section of beam used for the M - 0 test was used to 
determine the dimensions of the cross section. Measurements were 
taken about one end of the five foot long beam. Equally 'spaced 
thickness measurements were made along web and flange, seven on each -
web, five on each flange. Table 3 shows these values. It is seen that 
the thickness varies considerably along web and flange. 
Experimental Properties 
Using the measured dimensions and the coupon test results, 
the experimentally determined design properties of the section have 
been calculated. Table k compares these to the specified properties. 
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The difference between the two is considerable. The experimentally 
determined properties have been used throughout this investigation. 
It should be noted that the complete set of properties for the 
cross section were determined for one five foot section of the material 
selected at random from the stockpile. It was assumed that the remain-
ing material had the same properties as that section. This assumption 
is not entirely accurate, but it should not introduce major errors 




Required Rotation Capacity 
It was stated in the introduction that a plastic hinge rota-
tion of four to five times the elastic rotation is usually considered 
adequate to develop all other hinges in a frame's collapse mechanism* 
Procedures for calculating the actual required rotation capacity are 
described in the Commentary on Plastic Design in Steel (h), The 
"plastic hinge method" has been used with the slope deflection equa-
tion to calculate the required hinge rotation. The procedure is as 
follows: 
1. Draw the moment diagram for the collapse mechanism. 
2. Assume the plastic hinges at the knees of the frame form 
first} and that continuity is preserved at the midspan 
hinge. Use the slope deflection equation to calculate 
the vertical deflection at the central hinge. 
3. Assume the midspan hinge forms first, and that continuity 
is preserved at the knees. Use the slope deflection equa-
tions to calculate the deflection at the midspan hinge. 
h. The calculation showing the largest deflection Is the 
correct deflection and the first hinge formed is the one 
assumed in that calculation. 
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5. With the midspan deflection known, the slope deflection 
equation is applied again to the beam to obtain the 
rotation at the first hinge* The inelastic rotation is 
the rotation capacity required to establish the collapse 
mechanism. 
This problem was solved for all three portal frames under the 
uniform load condition. Figs. 5 & 6 show the frames for the first two 
tests. The third frame was not shown in a figure because of its im-
practical dimensions, but its height was 172 inches with a kO inch 
span. The solution was not attempted for the concentrated loading 
condition because the "plastic hinge method" results in large errors 
in curvature for sections under constant moment, as in the third 
point loading system. 
Surprisingly, in all cases the first hinge to form was the mid-
span hinge. Moment distribution was carried out on all three frames to 
check that the midspan moment was greater than the joint moment. These 
solutions verified the "plastic hinge method", indicating that the first 
hinge actually does form at midspan. 
Table 5 gives the values of the terms used in the slope deflection 
equation for each frame. Refer to that table for the form of the equa-
tion and to the adjacent sketch for notation. Apply the equation to 
span 2-1 to solve for 90 , then to span 2-3, solving for 8 • 
£- J_ V 
With 6 known, the equation is solved again to obtain 9^. 6^ 
v ' ^ & 32 32 
is the value of the inelastic rotation. 
The elastic rotation was found from the expermental M - 0 
curve, Fig. 9> "by extending the elastic and plastic portions of the 
18 
curve to their point of intersection at 6.48 x 10" rad. / in. It is 
common practice to assume that the plastic hinge spans approximately 
twice the depth of the section or, in this case, 12 inches. The elastic 
rotation becomes: 
k 
0 = 6.48 x 10 x 12 - 0.00778 radians 
e_Las * 
Finally,, the ratio of the inelastic rotation to the elastic rotation 
is given in Table 5» 
Hote that in Table 5 the required rotation for Frame 3 is 
quite large. Due to the high axial load ratio, the slope deflection 
equation was inaccurate when applied to the column. Therefore the 
value of 0 was taken directly from the numerical solution for the 
deflected shape as calculated in the following chapter, "Theoretical 
Considerations". The large required rotation is a result of the 
impractical geometry of the third frame. This should not be expected 
to occur in ordinary design problems. 
19 
Interaction Curve 
For an axial load ratio, P / P •£ 0.15> there is no significant 
y 
reduction in the moment carrying capacity of a beam-column. In the 
first two tests, P / P was less than that value: but for the third 
' ' y 
test, P / P - 0.3 "was used. Thus, it became necessary to determine 
y 
an interaction curve. For a slenderness ratio of zero, the calculation 
is made by simple plastic theory and is not difficult. However, for 
an 1 / r > 0, the calculations become quite tedious. 
xx 
For the case in which 1 / r = 0, the Commentary on Plastic 
x x •" • 
Design in Steel (k) derives the equations for the interaction curve 
of a wide flange section. The same ones apply to structural tubing 
sections. The basis for these equations is the assumption of a 
particular stress block which is divided into an axial load portion 
at the center, and moment. resisting portions at the extremities. The 
interaction curve has been developed for the 6" x 3" x 3/l6" structural 
tubing section. In Fig. 13 this curve is compared with that of a 
typical wide flange section. For 1 / r . = 0 it is seen that the 
xx 
tubular section has the greater curvature, Indicating that relatively 
more web material exists for the tubular section. If the section were 
a solid rectangular one, the curve would be a quadrant of a circle. 
In the case of a specific 1 / r ratio greater than zero, the 
•̂  ' xx 
interaction curves for a typical wide flange section have been developed 
by Ketter, Kaminsky, Galambos, and Beedle of Lehigh University. 'Their 
results, which are widely used, show a plot of the various interaction 
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curves for slenderness ratios from 0 to 120' in increments of 20. Their 
derivation has been published In two reports of the Transactions of the 
American Society of Civil Engineers* (̂  6). Initially it is necessary 
to derive an M - P » 0 curve for the particular section. To do this, 
a set of auxiliary curves is needed, from which, points of the M - P - 0 
plot can be directly determined. The auxiliary curves are developed 
from a set of nine equations (5.) • Equations for axial load, moments, 
and curvature are written for: 
1. the elastic case 
2» yielding Into the flange 
3. yielding into the web 
The solutions are fitted together to form the auxiliary equations of 
Fig. 11. Points on the M - P - 0 curve can be taken directly from 
Fig. 11 and plotted. This has been done for P / P. #= 0.1, 0.3? and 
0.5 in Pig. 12. Values for P / P =0.0 were taken from the experimental 
results* 
The M - P - 0 curve is then used to determine interaction curves 
for various slenderness ratios. Ketter and Galambos (6) outline the 
procedure, which is one of numerical integration. Initially, an axial 
load is selected, and numerical integration performed for an arbitrary 
selection of end moment. After several iterations, the process may 
converge to a particular deflected shape. In the numerical procedure, 
the M - P - 0 curve is used to determine rotations which are beyond 
the linear range. A systematic process for accomplishing this unique 
type of numerical integration has been outlined in the above reference. 
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If the Integration has converged to a particular deflected shape, a 
larger value of end moment is selected in combination with the same 
axial load. Another iteration is performed and the deflected shape 
determined. The process Is continued until the Iteration sequence 
diverges. The maximum moment for that axial load is the largest moment 
for which a deflected shape was obtained. This moment and axial load 
then establish one point on the interaction curve for a particular 
slenderness ratio. Because of the involved process, only four points 
were found to approximate the interaction curve for a slenderness 
ratio of 80. These four points involved approximately 45 repetitions 
of Newmark's procedure for computation of deflections (?)• 
A comparison is made in Fig. 13 between the interaction curves 
for the 6" x 3" x 3/l6" structural tubing and the results for the 
typical wide flange section. As expected, the structural tubing 
developed more moment capacity at high p/P ratios than the wide-flange 
y 
section for 1 / r = 0 . The same result might be expected for a 
slenderness ratio of 80; but, as Fig. 13 shows, the interaction curves 
are almost identical. The M - P - 0 curve, Fig. 12, shows that, for 
every P / P ratio, the structural tubing has a higher moment carrying 
capacity than the 8 WF 31 wide-flange section used in the Commentary 
on Plastic Design in Steel, (h), Chapter 7j from which the typical 
wide-flange Interaction curves were derived. Therefore, it should 
follow that the structural tubing interaction curve for 1 / r - 80 
to ' xx 
have a larger moment capacity at the high P / P ratios than the wide-
flange sections. 
The explanation seems to lie in the terms of the ratio 0 / 0 : 
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rr y 
"e " i s a constant for the s t ruc tura l tubing and the wide-flange 
y 
section. However, the distance to the extreme fiber, c, is different 
for the 8 WP 31 section and the six inch deep structural tubing. 0 
for the. structural tubing is 33$ greater than for the 8 WF 31 section. 
This difference could offset the more desirable M - P - 0 curve for 




Summary of Test Data 
Tables 6, 7* & 8 show the pertinent test data in a condensed 
form for tests 1, 2, & 3 respectively. The recorded data has "been 
converted to a useable form In these tables. The dynamometer readings 
for cable tension were converted to axial load In the column multiplied 
by the eccentricity to give end moment, columns 2 & 3» End moment 
varied linearly to zero at the column base. Axial load times deflection 
gave the second contribution to moment at each station. The largest 
total moment at any station for one reading was recorded as maximum 
moment, column h. Twist calculations were recorded as described in 
"Description of Tests". A linear correction was applied to the twist 
measurements to compensate for the free end twisting at the top of the 
column. In each test twist readings were taken from the,station 
recording the maximum twisting deformation. Weak-axis deflection was 
calculated as described in "Description of Tests" without correction. 
Strong-axis deflections, 6^ had to be corrected for large deflections 
because the scales rotated out of vertical alignment due to geometry 
changes. End rotation was calculated using the dial gages attached 
to the truss shown in Fig. 3* The rotation measurement device was 
placed as near as possible to the knee in every test. Procedure for 
this calculation was described in "Preliminary Testing". Midspan 
2k-
deflection, 6. , of the portal frames was calculated in the section., 
"Load-Deflection Relationship", of this chapter to demonstrate that 
adequate load capacity was maintained during hinge rotation. 
Interaction Curve 
For each test, the maximum axial load and moment were plotted 
on the theoretical interaction curve, shown in Pig. 14. For tests 
1 & 2, in which the axial load was less than 0.15 P > test results 
y 
normally indicate greater than predicted capacity due to strain 
hardening. In the third test for P / P = 0-30, the rotation was 
y 
Inadequate to produce strain hardening. However, a result somewhat 
greater than the theoretical capacity was obtained. The only apparent 
explanation is that the cross section for the third test was larger 
than that tested in "Preliminary Testing" and/or the yield point was 
higher. In any case, the full capacity of the section was developed 
in every test without the "benefit of lateral bracing. 
Twist and Weak-Axis Deflection 
In Figs. 15, 16, and 17, the maximum weak-axis deflection and 
the maximum twist are plotted on a common absicissa to determine which 
effect, if any, initiated a failure, tfeiximum twist and deflection were 
recorded as the maximum reading at any station, normally, these values 
occurred at the same station. However, when the actual point of 
failure was located approximately midway between two stations, as in 
Test 3, Pig* 5} the greatest reading sometimes occurred at one station 
and then the other. This was the case in only two instances for Test 3> 
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and did not seem to effect the results. 
In all three cases it can be seen from the figures that a 
radical change in the twist deformation occurred prior to the large 
lateral deflections- Each of these plots indicates the initiation 
of failure by lateral-torsional buckling* Though the actual twist 
is small compared to the lateral deflection* so small that in the early 
stagesj, it is not visibly noticeable, it is the instability to twist 
resistance that initiates the lateral, or weak-axis, deflection. 
"This instability is noted on the figures as a radical deviation from 
the previous trend in twist deformation. In Fig. 15, the twist changes 
from a slight positive value to an increasingly negative one as the 
instability is reached* The negative twist indicates a counter-clock-
wise twist as viewed from the base of the column. Hie positive direction 
is clockwise. For weak axis deflection the positive,,.direction was to 
the left as viewed.from the base of the column. In Figs. 16 and IT, 
the twist is seen to reverse itself as the point of instability is 
reached. In each ease, though, the significant point is that the 
twist instability initiated lateral buckling. This mode of failure , 
is that of lateral-torsional buckling. 
Moment-Rotation Curve s 
Figs. l8, 19, and 201 are plots of end moment and maximum moment 
versus end rotation* .Maximum moment varied, from end moment because, 
at large deflections, the axial load contributed additional moment to 
the beam-column. The method of calculation for these values has been 
described in the section, '"'Summary of Test Data" in this chapter. In 
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the Initial stages of each test, maximum moment and end moment were the 
same because maximum moment occurred at the knee. As deflections became 
larger, the point of maximum moment moved away from the knee, and the 
difference between the two values occurred. 
From Fig. 20 for lest 3> it is. seen, that the end moment never 
reached the value for maximum moment as in the first two eases. This 
was due to the high P / P ratio, and was predicted by the numerical 
y 
Integration procedure described In "Theoretical Considerations". In this 
case, the strong-axis deflection was so great that a larger moment was 
induced at an Interior point on the beam-column than at the knee. Table 
9 compares the predicted deflected shape and moments with those re-
corded In the third test. Deflections from reading #8, the last reading 
before failure of the specimen, were used. These values were increased 
by 19$ so that the readings at station h would agree,. It Is seen that 
agreement is good between experimental and theoretical results. At 
station 2 the scale was not read because the cable had interfered with 
the line-of-sight at that station. The agreement is not as close between 
the two values recorded for moment at each station. The maximum differ-
ence of 6.5$ could have been caused by variation of the cross section 
properties. 
In Figs. l8 and 19 for Tests 1 and 2, the large differential 
between end moment and maximum moment at large rotations could easily 
be misinterpreted as a significant reduction In load carrying capacity. 
For this reason,, the plots of axial load versus midspan deflection, 
6 f for a uniformly loaded portal frame, have been calculated and are 
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shown in Figs. 21, 22 and 23. Prom those figures, it is seen that the 
reduction in load carrying capacity at large deflections is not as 
serious as might be assumed from Figs... 1.8 and 19. This effect is 
discussed further in the section, "Load Deflection .Relationship", of 
this chapter. 
Rotation Capacity 
In the chapter, "Theoretical Considerations''', it was concluded 
that for the particular portal, frames under consideration,. the first 
hinge to form for a uniformly loaded frame was the hinge at midspan. 
Therefore, the hinges at the knees actually were only required to 
develop their plastic moment capacity without any rotation, thereafter. 
Nevertheless, there are any number of practical portal frames in which 
the first hinge to form is at the knee. The alteration required for 
the simulated frame of these tests to form the first hinge at the 
knee would be to use a more flexible beam, stiffened in the vicinity 
of the knees. The relatively stiffer beam-columns would then carry 
more moment and force the hinges at the knees to form first. Therefore, 
the rotation capacity of a plastic hinge at the knee remains a problem 
of major significance. 
Figs. 18 and 19 show a large rotation capacity under plastic 
moment. The end rotation has been plotted in degrees rather than 
radians in this case so that the magnitude of the rotation becomes 
apparent. In Test 1, Fig. l8, a rotation of approximately 6.75° is 
required to develop plastic moment. In Fig. 21 It is seen that 
essentially the same load is maintained through a midspan deflection, 
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6 } of 35 inches. This corresponds to a rotation of approximately 
v 
16.5°* Therefore, a plastic rotation of approximately 9*75° has 
occurred, or 0.17 rad. Using a calculated elastic rotation of 
0.00778 rad., the plastic rotation was approximately twenty-two 
times the elastic rotation. The same calculation can be made for 
the second test. Since there is some reduction in load capacity 
before actual failure is reached, the specific amount of plastic 
hinge rotation is rather nebulous. Perhaps the most accurate state-
ment to make in this case is that the rotation capacity for the first 
two tests.was considerably greater than four to five times the elastic 
rotation normally considered adequate for the plastic hinge. 
From Fig. 20, Test 3> it is obvious that the plastic hinge 
rotation was almost non-existent. Though the section, did surpoass its 
theoretical maximum moment, lateral-torsional buckling occurred before 
any significant rotation. From this test, it must be concluded that 
lateral-torsional buckling does prevent hinge rotation at high axial 
load. 
Load Deflection Relationship 
Because of the apparent reduction in load carrying capacity 
indicated by the end moment reduction of Figs. 18, I9, and 20, it 
was necessary to plot the actual load capacity versus midspan 
deflection of the simulated portal frames. This was done for all 
three portal frames under uniform load conditions. These plots are 
shown in Figs. 21, 22, and 23. 
The procedure used for obtaining the values of 6 , which are 
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listed in Tables 6, J, and 8, was similar to that described in 
"Theoretical Considerations". The "plastic hinge method" (k) was 
used, and the slope deflection equation; 
r 6 M 
e 2 3
 = e 2 3 + T +W ( M 2 3 + # } 
The equation was applied to section 2-3 of "the beam sketched in Fig. 
21. Rather than use the theoretical $OQ, the actual measured value, 
2 j 
from Tables 6, 7> and 8 was used. The end rotation for a simply 
supported beam with the same loading is given by: 
9 •'• = ^ l
3 
23 2^EI 
as in "Theoretical Considerations", the value }/L „ was the actual 
2-3 
recorded end moment. In all cases, after the plastic hinge had 
formed. ]VT was set equal to the value of M . A tabular solution 
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was made for each reading. The results are shown in column 10 of 
Tables 6, 7, and 8, and plotted in Pigs. 21, 22, and 23. 
It is seen in Fig. 21, that the actual reduction in load 
capacity is insignificant throughout most of the deflection. In 
Fig. 22, the same is true. The scales are not held constant for the 
two figures in order that the elastic portion of the curves can be 
held at approximately the same slope. In Fig. 23, the load drops 
off sharply with vertical deflection, but in this case it has been 
determined that lateral-torsional buckling failure had previously 
occurred. Therefore, in no case tested was the reduction in load 
capacity due to geometry change a means for concern. 
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Local Buckling 
It has been noted that initially all three failures were 
by lateral-torsional buckling. When this type failure occurs, the 
lateral deflection increases rapidly with essentially no increase 
in load. If this deflection is carried far enough, the section will 
warp as shown in Figs, h and 5» This phenomenon Is known as local 
buckling. 
Fig. h Is a picture of local buckling which occurred in Test 
2. It should be noted that both the web and flange show signs of 
this type failure. The lateral deflection of 5.02 in. was quite 
large. The strong-axis deflection of 11.48 in. was also large. 
In Fig. 19, the sharp dropoff in maximum moment is due to local 
buckling. 
In contrast, Test 1 was stopped just before local buckling 
occurred. In Fig. 15, It Is seen that the column had failed by 
lateral-torsional buckling and that lateral deflection.was rapidly 
increasing. However, the maximum travel of the screw jack was 
reached at a lateral deflection of 2.75 Inches, and a strong-axis 
deflection of 13.4 inches. No dropoff in maximum moment was observed, 
Fig. 18, and no signs of local buckling were seen. 
In Test 3, local buckling occurred when a large..lateral deflection 
was reached, with relatively little strong-axis deflection. The test 
was stopped at a lateral deflection of 3*95" an(i strong-axis deflection 
of 3*4" after local buckling had occurred. Fig. 5 shows the local 
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buckling for this test. It should again be noted that both the flange 
and web buckled locally. 
Axial Load versus Maximum Strong-Axis Deflection 
In Fig. 24, axial load versus maximum strong-axis deflection 
has been plotted for all three tests. As shown on the adjacent 
sketchy that deflection is the &w of the beam-column. As might be 
D. 
expected,, these curves are very similar to those of Figs. 21, 22, 
and 23 where 5 versus axial load was plotted. 
End Moment Check 
Originally, the rotation measuring device was intended to 
be placed at the section of maximum moment for the purpose of measur-
ing that moment. However, In Tests 1 and 2, it was seen that the 
plastic hinge originally formed at the knee and moved toward the 
column base until failure finally occurred near the quarter point. 
This moment was due to the large deflections which contributed to the 
moment. Therefore, the M - 0 device was placed as close as possible 
to the knee of the beam-column because the exact location of the 
failure could not be predetermined. In the third test It was located 
in the same place, to be used as a check on the end moment. Figs. 
25, 26, and 27 show the correlation between end moment as measured by 
the dynamometer and that measured by the M - 0 device. It Is seen 
that the agreement is fair. The more direct method, the dynamometer 
and load cell, were used as the correct readings. 
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CHAPTER VI 
DISCUSSION AHD CONCLUSIONS 
The overall perfonuance of the structural tubing was sur-
prisingly good. The tests indicate that there exists a large practical 
range in which beam-columns of structural tubing .may be used for plastic 
design without any lateral bracing. These sections are extremely 
economical when loaded in compression and bending^ both, in material 
savings and simplicity of fabrication. 
Table 10 is intended for use. in comparing the significant 
parameters of the three tests. Note that the "P " in column h- is 
cr 
the Euler weak-axis buckling load for a pinned end member. The test 
rig actually imparted a small degree of fixity to the column base, so 
that the actual buckling load should have been somewhat larger than 
"P ". In column 5> the P / P is that maximum axial load as limited 
cr 7 y 
by the weak-axis buckling strength according to formula 2k (l). 
Formula 2h permits an axial load equal to the buckling load for an L _ , = 
O.85. Evidently it has been assumed that lateral bracing requirements 
reduce the !„„„ of a column to less than 0.85 L. In column 5 "the 
"M / M " ratio is that calculated for a "Case 11" column, formula 22 
o ' p ' 
(l). The "ult." subscript Indicates the maximum load recorded in the 
tests. 
Slenderness Ratio 
For both the strong and the weak axis,, slenderness ratios were 
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not a limiting factor if used with normal axial loads. The maximum 
permissible ratios, 1 / r = 120 in the plane of bending, 1 / r = 
xx yy 
203 perpendicular to the plane of bending, "were tested simultaneously 
and found to exhibit much more than adequate rotational capacity. 
The axial load, P . , / P = 6.8fo, was large enough to be in the 
ult y 
practical range for a beam-column. For example, the loading combina-
tion is that which would be imposed on the beam-column in the portal 
frame of Pig. 6. 
Axial Load 
High axial load did reduce the rotational capacity of the 
beam-column. For an 1 / r = 80, and P / P - 31-9$ plastic hinge 
xx y 
rotation was negligible. However, for P / P. = 13*8$, more than ade-
quate rotation developed. Again, this axial load is sufficient to 
support a highly loaded portal frame, Fig. 7« 
Gross Section Geometry 
As the ratio of r / r decreases, that is as the section 
xx yy 
approaches a square shape, the resistance to torsion and to weak-
axis buckling is increased. Therefore, any section with an r / r 
to ' J XX ' yy 
ratio less than that used in the tests should perform as well or 




Until an accurate theoretical or empirical solution to the 
problem of inelastic rotation in "beam-columns of structural tubing 
is devised, it may prove advantageous to formulate an approximate 
solution as a design method. It appears that such an approximation 
might be accomplished using a reasonable number of tests. The problem 
is to eliminate as many variables as possible. 
Wall thickness is one variable which has not yet been mentioned 
For each nominal size of tubing, there are several available thick-
nesses. Tests could be conducted on each extreme of thickness for 
several nominal sizes to determine which extreme, If any, consistently 
gave the most conservative results. Since the thickness variations 
are minor compared to the overall geometry of the section, it should 
be expected that results expressed for one thickness, axial load in 
terms of P / P for example, would be fairly accurate for other 
thicknesses. 
The ratio, r / r is another variable which has a more pro-
xx ' yy 
nounced effect on the performance of the section, as discussed in the 
"Conclusions". Fortunately, there are only a few major variations in 
the r / r ratio. A depth to width ratio, d / w = 2.0, was tested. 
xx ' yy * 7 ' } 
All sections with d / w = 2.0 have approximately the same r. / r 
ratio. 
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Square sections, d / w ~ 1.0, should also be tested, and 
possibly a section with d / v ~ 1*5> such as a 6" x V section. 
The loading conditions, such as the presence of one or two end 
moments, producing single or double curvature, also must be recognized 
as variables. Results would have to be separated into Case 1, 2, or 3 
columns, as in the A. I. S. C. Code. 
Ultimately, the slenderness and .axial load ratios become the 
only remaining major variables. Tests might be made using slenderness 
ratios in increments of 20 to a limit of 120, to determine the maximum 
P / P ratio that permits adequate rotation capacity. For example, 
y 
for the three tests conducted, it might be said that, for a Case 2 column 
with d / w ^ 2.0, adequate rotation capacity exists without lateral 
bracing for: 
1. 1 / r £120 ; P / P £ Y'/o 
' xx. y 
2. 1 / r £ 80 ; P / P <, 15$ 
1 xx y 
It should not be expected that this problem will be accurately 
solved by experimentation, because there are too many variables 
involved. However, if an acceptable theoretical solution is not forth-
coming in the near future, a test procedure similar to this one may 
prove to be a worthwhile project. 
In the course of this investigation, it was necessary to 
approximate the interaction curve for structural tubing. A comparison 
of the curves for wide-flange sections versus the tubing, .Pig. 13> 
shows that substantially more strength at higher axial load ratios is 
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predicted for the latter* This situation can be used to advantage if 
plastic design methods are applied, to structural tubing as previously-
discussed. When the interaction curves for wide-flange sections were 
derived (6)f the hand calculations were time consuming, but necessary. 
Using a computer, the same calculations could be made with relatively 
little effort. The curves for structural tubing could then be trans-
lated into column formulas similar to those now written into the A. I. 
S. C. Code for Case 1, 2, and 3 columns. Material savings based on 
new design formulas should be substantial and well worth the effort 





It was suggested by Dr. P. H. Sanders, of the reading committee 
that a discussion of the relative economy of structural tubing versus 
wide-flange sections be included. The following is a cost comparison 
of equivalent designs using structural tubing in one case and wide-
flange sections in the other. The prices quoted within were given 
by the Bethlehem Steel Corporation for the required sections cut to 
the proper lengths, and shipped to Atlanta, Georgia. For the wide-
flange designs, an additional thirty percent was added to the cost 
of the steel to cover the cost of the lateral bracing in-place. 
For the structural tubing design, the specified properties of the 
section were used in order to derive a collapse load for each frame. 
For the frames of the second and third test, the theoretical interac-
tion curve for 1 / r = 80 was used to determine the reduced moment 
capacity under combined loading. This procedure gave the collapse 
load which would be derived using normal design methods and did not 
incorporate any of the extra capacity found by experimental methods. 
The previously derived loads were then used in the design of 
wide-flange columns for the three portal frames. In this case, 
the A. I. S. C. plastic design formula number 22 for a Case 2 column 
was used. For all three portal frams a 6B12 section was found to be 
the lightest adequate section. The same section was used for the 
horizontal member. Though the 10.6 lb./ft. weight of the structural 
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tubing section compares favorably with the 12 lb./ft. weight of the 
wide-flange section, the difference occurred only because there was 
no wide-flange section which was perfectly suited for the particular 
application* The 6B12 section was somewhat heavier than absolutely 
necessary. Bethlehem Steel Corporation quoted a price of $1T»05 per 
hundred pounds of structural tubing cut to size and shipped to Atlanta,. 
Georgia, and $9*50 Per hundred pounds of wide-flange section, cut and 
shipped. For the portal frame of 'Test 1, 'the price per frame for the 
steel alone was $111.92 for the structural tubing, and $70.69 for the 
wide-flange sections. To this price, an extra thirty percent was 
added to the wide-flange columns to cover the In-place cost of lateral 
bracing. The following are the steel and lateral bracing costs for 
the columns used in the portal frames of Test 1: 
Structural Tubing $111.92 
• Wide-Flange Section $ 91*90 
Percent Difference 22$ 
The cost of steel, using the structural tubing design, Is 22$ 
more than for the steel and lateral bracing In-place, using wide-
flange sections. This cost differential would have to be balanced 
against the cleaner appearance of the structural tubing without 





Figure 1. VIev of Typical Test Arrangement. 
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Figure 13. Comparison of S t ruc tu ra l Tubing and Wide-Flange 
In te rac t ion Curves 
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Figure 16. Test 2 : Twist and Weak: Axis Deflection Curves 
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Figure 21. Test 1 : Axial Load vs. Mi&span Deflection 
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Figure 23. Test 3 : Axial Load vs. Midspan Deflection 
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Figure 2^. A H Tests : Axial Load vs. Strong Axis Deflection 
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Table 1. M - $ Test Results 
PURE M O M E N T B E A M TLST — 
(D ilj. 
- " • ' • • • 


























1 17.3 .360 .117 5 0 13 81.5 1.70 O o I^J 2 4 0 
2 33.0 .657 ,2J i 106 14 83-7 (.74 .579 2 4 5 
3 Aao / , 0 2 .343 150 15 S 7 0 {.SI .603 2 5 0 
4 577 1.20 .400 17S (6 92 .0 1.91 .G37 2 5 5 
5 Q3.0 1.31 4 3 7 188 17 9 5 5 1.99 ,661 2 6 0 
6 &G.Q 137 .457 2 0 0 IS 98.7 z.os .633 2 6 5 
7 69.5 1.4-5 .4S£ 210 19 105 2,\9 ,727 " Z70 
8 71.5 1.49 . 4 9 5 215 20 1 ID 2.29 . 7 6 0 115 
3 73.5 \S3 . 5 0 9 220 Z\ 117 2.43 . 8 / 0 2SO 
SO 15.5 IS 7 .523 Z25 22 186.5 a. as L29 2 S 5 
l 1 77.7 U 2 , 5 5 7 23>0 23 300.5 £.25 2>0S iB7 
u 79.1 1.66 . 5 5 2 ZZ$ 
Table 2. Coupon Te;st Results 
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I 469" .1 82" .0855 3.700 43.4 5.66 66,2 2&£ 
z ,4835 A&\2" .087? 3.SU 43,4 !<X0& f|4,8 Z2.5 
3 
.4835 JSIZ" ,0377 3.906 44.5 5625 64.2 30.0 
AVERAGE 
RESULTS 
_— —- — — . 43.8 ©Q. 2, 28.3 
Table 3. Micrometer Measurement of Wall Thickness 
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2. .136 .17$ .18 ! . isro 
3 .189 .131 .175 . I S O 
4 J 87 JSB ..174 A$7 
5 -130 ABZ .168 A83 
6 .—- — J 69 , 189 




Table K. Experimentally Determined Section Properties 





DEPTH - 4 (iw) 6 . 0 0 0 6 . 0 3 0 
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& E W K ^ M P ' ) 
- — .00178 
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Table 5. Required Plastic Rotation - Midspan Hinge 
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25Z"x 2 4 0 " .0547 6.68 .029! 3 7 ^ % 
FRAME 2 
\rzf,x 120" 
.0374 2.27 ,024& 3 16 % 
FRAME 3 
1 172rt x 40** 
1 
.£555 J. 030 
.l(i r-. ,„ , 
.0542 6 95% 
SLOPE DEFLECTION EQUATION : 
Q*B = ©kB +
 S ' L + L<MA e-
 M
B A
/ 2 ) / 3 E I 
Table 6. Test 1 - Summary of Data 
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0 . 0 0 
0.79 
a oo 1 0 . 0 0 0.00 
- • • • • ' -
2.16 : 2 3,33 0 . 9 5 :20 i 
3 5.00 I S O 150 aoo 0.04 1 2 5 1.95 . 3 2 * 4 .85 
4 6 . 6 7 2 O 0 2 0 0 0.00 0.O4 1.72 2.76 .44 6 6 2 7 
5 7 .50 2 2 5 225 O.B$ 0.05 1.98 2 .95 . 5 0 4 6 3 6 
6 £ .30 2 5 0 2 5 0 aoo 0.06 2.20 3.54 .588 7.66 
| 7 ~ ~ 6.67 2 6 0 260 -LIT 0.06 2,32 3,75 .630 8.05 
1 8 
I 
a . 02 2 7 0 270 -1.46 0.07 2.42 4.00 .722 &54 
9 9 3 3 2 2 0 2 8 0 -2,92 aoa 2.5? 4,50 .815 S3S 
\o 9 5 2 285 2 8 5 -2.92 0,03 2.6S 4,70 . 9 2 4 9.75 
! H 9.52 2 S S 290 -I.7S a io 2 . 7 3 ' 4.75 1.2 a 9.83 
1 ̂ a 19.51 I 286 1 292 1-3.79 1 0.17 1 314 1 &30 I 4.06 1 174 
! 13 9.46 274 291 -5.53 1.18 8.73 16.5 4.20 35,5 
14 an 2 5 6 2 9 2 -8.73 2.03 11.15 20.7 4,20 -147 
,5 8 .63 2 3 8 2 9 0 -16.1 
- L „ _ 
2 7 5 I3.40T22^ 4-20 , 4a? 
,... 
Table 7. Test 2 - Summary of Data 




























1 0 .00 0 0 O.OO 0.00 0.00 o.oo 0.00 OsOQ 
2 6.64 
...„,. 
103 103 0 .06 0.01 0.45 0,78 .201 0.77 
3 J 3.2 2 0 5 Z05 1.75 a, 00 Ck93 1.18 .437 K29 
4 j g .o 276 21 £> 145 0.0a 1.40 2.14 .765 Z.3& 
5 19.2 237 297 -I.45 0.12 1.98 6.05 5 4 6 6.54 
6 I 9 J 291 304 -2.90 0.24 2.95 940 g . O J 10.0 
? 16.* 2 4 7 3 04 +3,20 1.10 647 18.4 6.80 194 
8 16.2 236 304 + 11.3 1.60 770 \9.1 &.7S 20.7 
9 is:o 216 304 +17.5 2.68 &75 21.7 6.73 
.... 
io 1 1.5" 162 
1 
252 +452 s.oz ! 1.5* 24.3 6.59. 25.5 
Table 8. Test 3 - Summary of Data 
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( I N . ) 
J O.oo 0 0 0.00 0.00 0.00 0.00 O.OO aoo 
2 9 , 9 3 43.0 4ao 0.00 0.00 O.ZZ 0,42 OJ I 0,14 
3 20 .4 1 0\ 1 0 1 l.n 0,02 0.55 0.87 O.ZS 0.30 
4 
i _, 
30,3 ISO i s o 5.24 0.06 0.80 1.04 0,37 0.35* 
5 3S.3 1 7 5 17,5 8.18 0.1 J a 95 1.70 0.45 0.5& 
G 40-7 201 201 a ia 0.(2 1.30 1.97 0.57 aa% 
7 43,2 2 J 3 2 2 0 O.S7 0,29 1.60 2.46 0.75 o.ss 
8 44,4 2 2 0 £4 0 4.37 L05 2J0 2>.2$ o.gs- 1.14 
9 2 5 2 I 2 S I 6 S ZS.O 3.95 
„ 
a4o 4.75 0,92 1.64 
7h 
Table 9- Test 3 - Comparison of Deflection & Moment 
Experimental & Theoretical 
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176 — 1.96 LIS 0.00 
THEOK 1 SO 2.23 \.B& 119 aoo 
MOME.NT 
M flN.-KJP) 
tXP. 153 — ZAO 237 2Z0 -
THEORI 151 219 234 229 ao6 
Table 10. Comparison of Test Results 
® D̂ © @ © © © ® 
SLENPfRNESS 
RATIOS 
A X U L LOAD 














(p£6RE£^ M P 
TEST 1 120 203 6 . 8 ^ 4fi" % 3 2 % 1,0 1.0 2Z.5& 
TEST a SO I3B 1*3. %rfo 421 JJ 31 % 37 I.O Z3£° | 
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